Abstract: Most amino acids can be encoded by more than one synonymous codon, but these are rarely used with equal frequency. In many coding sequences the usage patterns of rare versus common synonymous codons is nonrandom and under selection. Moreover, synonymous substitutions that alter these patterns can have a substantial impact on the folding efficiency of the encoded protein. This has ignited broad interest in exploring synonymous codon usage patterns. For many protein chemists, biophysicists and structural biologists, the primary motivation for codon analysis is identifying and preserving usage patterns most likely to impact high-yield production of functional proteins. Here we describe the core functions and new features of %MinMax, a codon usage calculator freely available as a web-based portal and downloadable script (http://www.codons.org). %MinMax evaluates the relative usage frequencies of the synonymous codons used to encode a protein sequence of interest and compares these results to a rigorous null model. Crucially, for analyzing codon usage in common host organisms %MinMax requires only the coding sequence as input; with a user-input codon frequency table, %MinMax can be used to evaluate synonymous codon usage patterns for any coding sequence from any fully sequenced genome. %MinMax makes no assumptions regarding the impact of transfer ribonucleic acid concentrations or other molecular-level interactions on translation rates, yet its output is sufficient to predict the effects of synonymous codon substitutions on cotranslational folding mechanisms. A simple calculation included within %MinMax can be used to harmonize codon usage frequencies for heterologous gene expression.
Introduction
The genetic code is universal (albeit with some exceptions 1 ), but the usage frequencies of synonymous codons can vary widely between organisms. Biased usage of synonymous codons arises due to a variety of genome-wide forces. For example, in organisms with low GC content such as the malaria parasite Plasmodium falciparum, synonymous codons ending in A or T are used more frequently than those ending in G or C. For this reason, codon usage patterns can be altered when a gene from one organism is expressed in a different organism with different codon usage frequencies, such as when a P. falciparum gene is expressed in Escherichia coli. Alterations to a codon usage pattern can have dramatic effects on both the amount of protein synthesized and the yield of correctly folded protein (Fig. 1 ). [2] [3] [4] [5] [6] Changes in codon usage frequency in a heterologous expression host can lead to alterations in local protein synthesis rates, as rare synonymous codons tend to be translated more slowly than their common counterparts. 7 However, the specific forces that determine the rate of translation of each codon in vivo remain poorly understood (Box 1). In the meantime, synonymous codon usage frequencies have emerged as a convenient proxy for estimating the relative rate of synthesis of an amino acid sequence and designing a messenger RNA (mRNA) sequence to optimize cotranslational folding. Crucially, estimating relative translation rates using synonymous codon usage frequencies makes no assumptions regarding the underlying mechanisms that regulate translation rate, yet has proven effective at predicting the effects of synonymous codon substitutions on cotranslational folding mechanisms. 8 These observations are the basis upon which the %MinMax algorithm 9 was designed.
Effects of Altered Synonymous Codon Usage
Because rare codons tend to be translated more slowly than synonymous common codons, many early codon usage analyses focused on first identifying rare codons in the expression host and then modifying genes of interest to substitute these with more common synonymous codons. 10, 11 This is often referred to as "optimizing" codon usage, due to its positive impact on expression yield (the number of proteins produced per minute). Historically, synonymous substitutions were considered "silent" because they do not alter the encoded protein sequence. However, more recently it has been shown that preserving synonymous codon usage patterns of the endogenous host, including encoding amino acids with rare codons at some sequence positions, can enhance folding yield (the fraction of proteins that fold and assemble to the native, active structure) (Fig. 1) . 12 Most intriguingly, synonymous rare codons can enhance cotranslational protein folding, increasing the likelihood of forming the native protein structure and suppressing alternative folded structures. [2] [3] [4] [5] [6] 8, 13 In general, reducing translation rate will increase the time available for N-terminal portions of a protein to fold to a stable structure prior to the appearance of more C-terminal portions. 8 This could enhance folding if non-native interactions between the N-and C-terminal portions of the protein can interfere with proper folding (Fig. 1) . Alternatively, accelerating translation could enable an entire domain to appear in a concerted fashion, more akin to refolding after dilution from a chemical denaturant, which could enhance folding for some native protein structures.
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Understanding the precise effects of translation rate on cotranslational folding therefore requires a deep understanding of not only the native protein structure but also the conformations populated by the nascent protein during its synthesis. To date only a few experimental studies have explicitly tested the effects of synonymous codon substitutions on folding outcomes in vivo (e.g., Refs. 2, 3, 8, 13) . Many more studies are needed in order to develop a comprehensive, predictive understanding of cotranslational folding mechanisms and the impact of local translation rate Figure 1 . Synonymous codon substitutions can alter both total yield (gene expression) and folding yield. In this example, synonymous rare codons (red) reduce translation rate and enable the nascent protein to achieve a conformation that is kinetically inaccessible when the same sequence is translated faster using more common codons (green). Faster translation leads to more rapid appearance of the nascent protein C-terminus, which interferes with the folding of the N-terminus, leading to misfolding and aggregation. Hence while the total yield of protein is higher with common codons, the folding yield is lower. Note, however, that for some native structure topologies, faster translation at specific positions could instead enhance folding yield (see text).
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on cotranslational folding as a function of nascent chain length. In the meantime, there is a general trend towards "harmonizing" codon usage, rather than globally substituting rare codons with more common versions. Codon harmonization involves identifying significant patterns of synonymous codon usage in the host organism and replicating these patterns using the codon usage frequencies of the heterologous expression host 2,14 ( Fig. 2) . The premise here is that a significant pattern in codon usage-rare and common-is likely selected through evolution in order to optimize fitness. Therefore replicating this pattern is a logical starting point to optimize cotranslational folding. Codon harmonization has been shown to increase folding yield for diverse proteins. 3, 4 Codon analysis algorithms like %MinMax serve as a useful starting point for identifying genes most likely to be affected by synonymous codon substitutions and designing synonymous mRNA sequences to test the impact of codon substitutions on protein folding. One cautionary note: It is important to keep in mind that not all significant deviations in codon usage frequency within a coding sequence will impact the folding of the encoded protein. 9 For example, synonymous rare codons are often enriched at the 5' ends of coding sequences, 15 where they can increase gene expression by reducing the stability of mRNA secondary structure, leading to enhanced translation initiation. 16 5' rare codons have also been implicated to increase targeting efficiency for secreted and transmembrane proteins. 15, 17, 18 Synonymous codon substitutions can also affect mRNA stability, 19 splicing efficiency and translation fidelity (amino acid mis-incorporation). 20 Experiments designed to test the impact of synonymous codon substitutions on protein folding must therefore include appropriate controls to assess these other effects.
Calculating and Visualizing Codon Usage Using %MinMax
The %MinMax algorithm compares usage frequencies of the codons used to encode a protein sequence of interest to hypothetical mRNA sequences encoding the same protein with the most common or rare codons, or a mathematical average of all codon usage frequencies. 9 Specifically, for the jth codon of the ith amino acid with n synonymous codons, %MinMax calculates the difference between the usage frequency of the actual codon used (X ij ) and the average codon usage frequency for all n synonymous codons encoding that amino acid (X avg,i ), divided by the difference between the maximum (X max,i ) or minimum (X min,i ) codon usage frequency and the average codon usage value:
The output of each %MinMax equation is, by definition, always positive. If the codon usage frequencies for a given window are greater than the average, a value will be returned for %Max; if it is less than the average, a value will be returned for %Min. For clarity, %Min values are plotted and reported as negative numbers. %MinMax output values therefore range
Box 1. Correlations Between Codon Rarity and Translation Rate
Ideally, if the primary interest in synonymous codon usage is the impact of translation rate on cotranslational folding, rate differences would be measured and compared directly. However, obtaining accurate values for translation elongation rate in vivo is currently extremely challenging. Even with the advent of transformative new methods like ribosome profiling it has proven difficult to accurately measure rate differences for individual codons, 26 although highly consistent profiling results from yeast has enabled progress. 27 In the absence of direct measurements, in vivo elongation rates are typically estimated based on other available data. Decades of genome sequencing efforts mean that accurate codon usage tables are now available for a wide variety of organisms. 21 Strong correlations have been observed between synonymous codon usage frequencies and protein abundance in vivo. 28 This correlation likely reflects genetic selection towards common codons for more rapid production of abundant proteins. Although the increased translation rate of common codons is due in part to the higher cellular concentrations of transfer ribonucleic acids (tRNAs) that decode common codons, tRNA concentration alone is not sufficient to predict translation rate differences between synonymous codons in vivo. For example, in E. coli the two codons that encode glutamic acid are decoded by the same tRNA, yet the more common GAA codon is translated more quickly than GAG. 29 Some of this difference may be due to the GAG codon:anticodon mismatch at the wobble base position 30 ; for other codons, translation rate can be affected by the tRNA charging efficiency. 31 Overall, synonymous codon usage frequencies have proven sufficient to predict alterations to cotranslational protein folding 8 and can outperform algorithms that attribute translation rate differences to specific mechanisms. This may be because codon usage frequencies capture a broader range of underlying mechanisms (known and unknown) that regulate translation rate of individual codons. from 1100 to 2100, with 1100 representing amino acids encoded using only the most common synonymous codons, 2100 representing amino acids encoded using the rarest synonymous codons, and 0 representing the average of all synonymous codons for each amino acid. To facilitate comparisons of codon usage patterns, the codon frequency X is determined over a sliding window of z codons (typically, z 5 17) and compared to a null model (described below). A schematic description of the %MinMax calculations is given in our original publication. 9 The only input required for %MinMax analysis of codon usage patterns in common host organisms is the deoxyribonucleic acid (DNA) sequence encoding a protein of interest. Codon usage frequencies for the %MinMax calculations are drawn from one of two sources, selected by the user: (a) Predetermined codon usage frequencies are included within the http://www. codons.org server and the downloadable %MinMax script for E. coli, Saccharomyces cerevisiae, Caenorhabditis elegans, Mus musculus and Homo sapiens. (b) For other organisms, codon usage frequencies can first be retrieved from the online database of Highperformance Integrated Virtual Environment-Codon Usage Tables (HIVE-CUT) , which determines codon usage frequencies using the latest National Center for Biotechnology Information (NCBI) RefSeq and Genbank database releases. 21 HIVE-CUT codon usage tables are formatted in the default order specified by NCBI's standard genetic code definition and therefore can be copied and pasted directly into the http://www. codons.org text box. For the downloadable script, the table can be saved in a text file on the user's computer and used in %MinMax by providing the text file path in the command line. Alternatively, custom codon usage frequency tables can be manually inserted directly into the command line.
Harmonizing codon usage patterns
The websites for several DNA synthesis companies provide a codon harmonization and/or optimization service. However, in all cases we are aware of the harmonization algorithm itself is not accessible, making user modifications and customization impossible. To address this, we created a simple, open-source harmonization procedure within %MinMax. In this procedure, all codons coding for the same amino acid are first ranked in order of frequency of occurrence in the original host organism and the heterologous expression host. Next, the ranked codons are mapped to each other. Finally, the harmonized sequence is created by changing each codon in the coding sequence to its frequency order-mapped codon in the heterologous host. For example, the alanine codon with the fewest occurrences in H. sapiens is GCG; in E. coli it is GCT. For expression of a human gene in E. coli, all occurrences of the codon GCG are therefore replaced with GCT. Codons with the same rank in both organisms are not altered. This simple harmonization procedure does a remarkably good job of matching the general trends of codon usage in the original host [ Fig. 2(A) ], particularly for organisms that have similar GC content, as these organisms tend to have similar distributions of codon usage frequencies for each amino acid. Additional changes, for example to avoid known disfavored codon pairs 22 or other motifs, can be made to the %MinMax harmonized output sequence as individual substitutions by the user.
Important Considerations When Selecting a Codon Usage Calculator
The rapid growth of interest in the effects of synonymous codon usage on gene expression and protein folding has led to a proliferation of online codon usage calculators. Before using any calculatorincluding %MinMax-it is important to understand the key factors that affect the output and determine whether these factors are appropriate for a specific application.
The significance of comparing relative versus absolute codon usage
The %MinMax algorithm was developed to identify synonymous codon usage patterns most likely to affect cotranslational folding. For this reason, %MinMax calculates relative rather than absolute codon usage. While absolute codon usage refers to the usage frequency of any one codon as compared to all other (63) codons, relative codon usage instead compares the usage frequency of any one codon to the usage frequencies for only the synonymous codons that encode the same amino acid. This distinction is important because absolute codon usage frequency is driven primarily by the usage frequencies of the amino acids they encode and hence is subject to evolutionary pressures distinct from synonymous codon usage. For example, the absolute usage frequencies of both codons that encode cysteine (Cys), UGU and UGC, are low in every organism because Cys is a rare amino acid. In a comparison of absolute codon usage patterns, a Cys residue will therefore always equate to low codon usage, regardless of the synonymous codon used [ Fig. 3(A) ]. In contrast, the relative usage of the UGU and UGC codons varies considerably from one organism to another. Hence in a plot of relative codon usage, one Cys codon will equate to higher (more common) usage than the other [ Fig. 3(B) ]. A calculator based on relative codon usage therefore addresses: Given the amino acid sequence as a constant, what differences in local translation rate can be achieved via synonymous codon substitutions? %MinMax removes the underlying usage frequency variations due to differences in amino acid usage, which may be unavoidable in order to retain protein stability and/ or function but may mask patterns in synonymous codon usage. This is particularly important when comparing synonymous codon usage patterns for homologous proteins: 23 although Cys residues are rare, they are often essential for stability or activity, and therefore are often strictly conserved.
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The null model: random reverse translations (RRTs)
It is crucial to establish the statistical significance of a synonymous codon usage pattern as compared to an appropriate null model. In %MinMax, the default null model is a Monte Carlo-based simulation procedure called random reverse translations (RRTs). 9 Each RRT consists of an alternative mRNA sequence encoding the protein of interest, created by randomly selecting synonymous codons for each amino acid position after weighting the selection by the relative usage frequency of the synonymous codon. For example, if the relative usage frequencies of the two Cys codons UGU and UGC are 60% and 40%, the RRT generator has a 60% chance of selecting UGU versus a 40% chance of selecting UGC. After the RRT sequence is constructed, its %MinMax profile is calculated. Typically, %MinMax results for 200 RRTs are averaged and compared to the actual coding sequence in order to identify statistically significant patterns in synonymous codon usage, typically interpreted as values two or more standard deviations from the RRT average [ Fig. 2(A) ]. More elaborate versions of this RRT null model have been developed to account for additional factors that can affect codon usage, including regional GC bias within isochores. 
Impact of host organism codon usage
Codon usage tables for many organisms are available in publications and online sources. However, the explosive growth of sequencing databases means that published tables become outdated quickly. One of the most commonly used resources, from the Kazusa DNA Research Institute, has not been updated in more than a decade. Outdated, incomplete codon usage tables can lead to erroneous results regarding codon usage patterns. 21 Up-to-date codon usage tables can be calculated by downloading all coding sequences from NCBI or another source and compiling the codon usage numbers from this information, but this route may require computational knowledge beyond the expertise of the user. A promising new online database, HIVE-CUT, provides codon usage tables for >850,000 organisms and will be updated every two months to coincide with GenBank database releases. 21 
Conclusion
A growing body of experimental evidence has demonstrated that altering synonymous codon usage can alter the folding of the encoded protein. Although we are still at the early stages of understanding the connections between synonymous codon usage patterns and downstream effects on cotranslational protein folding and assembly, synonymous codon usage calculators like %MinMax provide a helpful starting point for understanding local fluctuations in translation rate that might impact folding.
